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PHOTOELECTRON DIFFRACTION OF MAGNETIC ULTRATHIN FILMS:
FE/CU(001)
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ABOTRACT

The preliminary results of an ongoing investigation of Fe/Cu(001) are presented here. Energy
dependent photoelectron diffraction, including the spin-dependent vaniant using the multiplet split Fe 3s
state, is being used to investigate the nanoscale structures formed by near-monolayer deposits of Fe
onto Cu(001). Core-level photoemission from the Fe3p and Fe3s states has been generated using
synchrotron radiation as the tunable excitation source. Tentatively, a comparison of the experimental
Fe3p cross section measurements with multiple scattering calculations indicates that the Fe is in a fourfold
hollow site with a spacing of 3.6A between it and the atom directly beneath it, in the third layer. This is
consistent with an FCC structure. The possibility of utilizing spin-dependent photoelectron diffraction to
investigate magnetic ultrathin films will be demonstrated, using our preliminary spectra of the multiplet-split
Fe3s of near-monolayer Fe/Cu(001).

INTRODUCTION

Photoelectron ditfraction, both non-spin and spin-dependent, is being used to invesiigate the
magnetic ultrathin film system, Fe/Cu(001). Fe/Cu(001) is the prototypical medel system of magnetic
ultrathin films, yet remains the subject of considerable controversy. For example, a theoretical study{1]
predicts a large magnetic moment at a coverage of one monolayer, assuming perfect pseudomorphic
growth. Nevertheless, surface magneto optic Kerr effect (SMOKE) measurements indicate an absence of
such a magnetic mcment, leading ‘o the hypothesis of surface alloying [2). Photoelectron diffraction has
been shown to be a powerful probe of atomic geometric structure, particularly surface alloying [3]). We are
performing a photoelectron diffraction study of Fe/Cu(001), using the Fe3p and Fe3s states and including
a full, multiple scattering analysis. Moreover, a new varnant, spin-dependent photoelectron diffraction[4)
(SDPD) using the multiplet-spii. 3s state, will be discussed. SDPD promises to be a probe of both local
geometric and magnetic structure, thus providing a nanoscale counterpart to SMOKE measurements.

DISCUSSION \

Photoelectron diffraction is a probe that can be used to investigate the local (nanoscale, 109 m)
geometric structure of suifaces and interfaces and which may be adaptable to determining local magnetic
structure as well. Photoelectron diffraction can be thought of as an angle-resoived surface-extended-x-
ray-absorption-fine-structure (SEXAFS) measurement. In our experiments, photoelectrons are ejected
from core levels and can be involved with diffraction events caused by scattering off of nearby neighbors
{figure 1). From this, the local geometric structure can be determined to within +0.05A [5]). Our
experiments are performed at low kinetic energy in order to maximize suriace sensitivity (3] and the
manifestation of magnetic effects. Thus it is essential that all analysis be performed within the framework
of muitipie-scattering caiculations. Yhe simplifications of single-scattering theory [4,6] are not appropriate
except at higher kinetic energies. Moreover, the potential importance of surface alloying in the
Fe/Cu(001) system militates against an over-relfiance on forward focussing measurements, [6,7,8] whici is
a powerful probe of stacked or buried layers but is unable to distinguish an overlayer from a surface alloy
[3. 8). Finally, Sinkovik and Fadley [4) have pointed out the possibility of utilizing the multiplet split 3s
peaks as a source of spin polarized electrons ir: these experiments. Recent spin-polarized photoemission
investigations [10,11] of the Fe3s peak of bulk Fe have confirmed that these two peaks are in fact spin up
and spin down in magnetized samples. Thus, we are beginning to use this intrinsic spin resolution in the
investigation of magnetic ultrathin films, specifically Fe/Cu(001). 1t is not unreasonable to expect an
approximately 10% effect, as is observed in spin polarized secondary electron spectroscopy [12]. Of
course, a fully spin-parametenized, multiple scattering theory must and is being developed also.
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Figure 1. This schematic illustrates the
underlying cause of photoelectron diffraction,
inteference between the direct and scattered
waves. The inerference is dependent upon the
details of the local geometry and the emission
angles and kinetic energy of the outgoing
eleciron. The kinetic energy is varied by
scanning the photon energy, hv. The binding
energy (BF), the work function (@), and inner
potential (Vo) are constant for a given state and
matenal system.

Electron
storage ring:
UWSRC and
SSRL F
KE=hv-B +V -@
Many hv
Figure 2. This figure shows schematically the
. experimental setup. A single energy (hv) of
Mone :hromator electromagnetic radiation is selected from the bioad
continuum of synchrotron radiation using a
monochromator. The photons cause the ejection of
photoelectrons, which are then collected by the angle
Single hy (13°) and energy resolving detector. The synchrotron
radiation was provided by the University of Wisconsin
° Synchrotron Radiation Center (UWSRC) and the
'. Flectron Energy Stanford Synchrotron Radiation Laboratory (SSRL).
-Analyzer
Photo Electrons

Sample

Several technical details should be discussed before moving on to the results. The variability of
the kinetic energy is obtained via the tunability of synchrotron radiation, as shown in figures 1 and 2.
Examples of the capabilities of the photoeleciron spectrometer are published elsewhere [3,S]. All
experiments and evaporations were performed under ultra-high vacuum conditions. Accurate coverage
estimates are important to these studies. l.ow energy electron diffraction (LEED), Auger electron
spectroscopy (figure 3), valence band photoemission (figure 4) and a thickness analysis using a quarnz
crystal microbalance were all used to monitor deposition levels. Fe was evaporated from an effusive-beam
thermal source and the Cu(001) sample was at or near room-temperature during deposition and the
photoeleciron diffraction measurements. An "elbow® was observed in the plot of the Auger ratio of Fe
intensity divided by Cu intensity (figure 3; and we have assigned a deposition value of the equivalent of a
"monolayer”, i.e. 8 = 1 at this point, based upon internal consistencies in this and the other
measurements. Nevertheless, this coverage estimate is limited by the following caveats: (1) The actual
geometric structure is unknown and possibly is not an epitaxial overlayer; (2) the meaning and possibly
even the existence of the “elbow" is in doubt [13,14]; (3) the coverage estimate is probably fairly precise
(reproducible) but in absolute terms (accuracy) only good to within a factor of two. Our strategy is thus to
do a series of cove.ages and look for consistencies in the scattering.
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Figure 4. Normal emission photoemission of the
valence bands is shown here, for a variety of -
coverages from zero (clean Cu(001)) to 8 = 3.
Note the attenuation of the Cu spectral structure
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Figure 3. Auger electron spectroscopy, using LEED
optics as a retarding field analyzer, have been used to
quantify deposition via the eflusive evaporator-source of
Fe. Shown hereis aspeciumat ® = 1.
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ditfraction experiment uses either the Fe3s or Fe3p levels as the internal and
o! electrons for the diffraction experiment. A simplified, atomistic view of the
hown in figure 5 and examples of photoelectron specira of Fe/Cu(001) are
lence bands of the Fe will be strongly affected by neighboring atoms and
lications such as crystal field effects, spin-orbit splitting and delocalization.
ulate some preferred alignment of spins in a magnetic system. ltis

the interaction of the remaining unbalanced spin in the Fe3s or Fe3p with the aligned 3d spins, after the

photo-ionization, ih
. figures 5 and 6). While the Fe3
s obvious from figure 6 that the Fe3pis a

Fe
3 1LY
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at causes the splitting of the Fe3s peak and asymmetry in the Fe3p peak [15] (see
s emission is the preferred mode for addressing magnetic questions, it is
much better candidaie for the initial geometric-structural studies.

Figure 5. A simplified, atomistic view of the electronic
structure of Fe is shown here, 1o illustrate the cause of
the muttiplet splitting. If a single 3s electron is removed,
the remaining 3s electron will be either parallel or anti-
parallel to the aligned 3d electrons. This type of spin-
spin interaction affects the cverall energetics of the
photoemission process, thus producing the splitting in
the 3s and the asymmetry in the 3p. This has been
confirmed by spin-polarized photoelectron spectroscopy
measurements (10, 11, 15].



R

(,.-‘ P T T

utqol

L 3o 4 @8ed

Figure 6. This figure shows normal emission  L¥—F =% %0 © ——————r———
angle-resolved photo-emission specira of

Fe/Cu(001), using hv = 190 eV and with 8 = 1.
The wide scan shows the Fe3p (BF = 53 eV),
Cu3p (BF = 75, 77 eV) and the Fe3s (BF = 92
eV). A narrower scan with better statistics is also
shown, which more clearly illustrates the
multiplet splitting of the Fe3s peaks. The spin
has been assigned to the Fe3s peaks based
t:pocmltr;e spin-polarized photoemission results

, 11). ‘
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Preliminary results of the Fe3p photoelectron diffraction experiment suggest that the Fe isin a
fouriold hollow site with a spacing between it and the underlying atom (in the third layer) of 3.6A (figure 7).
This is consistent with a local FCC structure for the Fe. The calculations were performed using a multiple-
scattering slab method and the photo-excitation matrix elements (I - li,1) are explicitly calculated [16].
The geometric models used include a monolayer, a bilayer and a trilayer of Fe on top of Cu(001), with each
successive layer of adsorbates in the fourfold hollow of the previous layer. (See figure 8.) The spacings
d1p and do3 were varied independently. The result was that the curves in which d13 = d12 + d23 =
3.6A, for the monolayer, bilayer and trilayer, were aiways in fairly good agreement with the experimental
curve, regardless of the individual values of dy2 and d23. Itis important fo remember that while Cu is FCC
with a = 3.61A and Fe is BCC with a = 2 87A at room temperature and pressure, an Fe FCC phase exists
at higher temperatures and pressures (see figure 3 of ref. 17): Thus, for bulkk CufcC, d13 = 3.6A,; for buk
Fepcc,d13= 2 9A: and for Fercc, d13 = 3.6A (using the data of Table 1 inref. 17). Hence, itis bkely that
the Fe is in a FCC site with d13 = 3.6A, but it is not clear whether the Fe is surrounded by Fe, Cuora
mixture of both and whether the intermediate (second) layer is at the expected relaxed FCC position
(d12 =d23 = 1.8A). The sensitivity 10 dq3 of the normal emission geometry is the result of the
relatively large efficiency of 180° backscattering, as shown in figure 9. To determine d¢2 and d23 and to
lower the error estimate on d13, il will be necessary for us to extend the data set to other angles
(particularly 45°, along the [011] vectors of Cu(001)) and over a wider kinetic energy range. But to
distinguish between Cu and Fe as possible nearest neighbors, it will probably be necessary to resor to
spin-dependent photoeiectron diffraction. That is because the non-spin scattering factors of Cu and Fe
should be very similar, as is born out by the similarity of the monolayer, bilayer and trilayer calculations.
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Fe3p Cross Section
vs Kinetic Energy

d) 4" 3.6%  FCC

THEORY

Fe3p peak area/background under peak

EXPERIMENT
hv (eV) 150 200 250}
KE(ev) 93 143 193

Figure 8.
scattering calculations
Calculations were performed using a monolayer,
bilayer and trilayer of Fe on top
assuming epitaxial growth.

the first and second (d12) and second

between

The model used for the multiple
is shown here.

of Cu(001), all
The spacings

and third layers (123) were systematically varied.
The top or first layer was always Fe and the
second and third were Fe or Cu, depending
upon the model, monolayer, bilayer or trilayer.
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Figure 7. The preliminary results of the spin-integrated
photoelectron diffraction investigation, using the Fe3p
peak, are shown here. The expenimentai data are shown
in a very raw form, in the lower panel. The area of the
Fe3p peak is simply divided by the underlying
background level, thus normalizing out effects such a
photon flux variation. The d:opping of the experimental
curve with decreasing kinetic energy is caused by the
characteristic low kinetic energy tail of secondary
eiectrons, which is commonly observed in
photoemission spectra and which can easily be
corrected for here [5]. However, it is imporiant that even
in this very raw form it is possible to match peak positions
with theoretical curves. Shown in the upper panel is the
result of a multiple-scattering calculation, with d13 = 3.6A
and using an epitaxial growth model for a bilayer of Feon
Cu(001). The kinetic energy scale shown here is for
Vo = 0; that is, relative to the vacuum zero.

a2 |

_ 13
a23

Bulk Cu (001) \

Figure 9. A typical atomic scattering factor of an electron
at a kinetic energy of 200eV by a Cu atom is shown here.

The fairly large lobe at 180° is the cause of the sensitivity
to d13 at normal emission, since it acts to ampliify the

reflection of the electrons by the underlying atom in the

third layer into the detector.
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The plausibility of utilizing spin-dependent diffraction with this sysiem is demonstrated by figure
10. Here, it is possible 10 see the two peak structure at fairly low coverages, without magnetizing the
samples. It is of interest that the splitting between the peaks is 3.8eV, in distinct contrast with the bulk
value ol 4.4eV [18). Additionally, we have collected data over a narrow range of photon energies
(230eV < hv g 260eV) for a sample with a coverage of © = 5/4. Obviously, an order of magnitude
increase in the data photon energy range is necessary. Nevertheless, il the spin-dependence can be
properly incorporated into muitiple scattering theory, a probe with nanoscale-magnetic sensitivity may be
the resull. Moreover, this probe could then be used to follow vanations in the local magnetic environment
as the sample was macroscopically magnetized.

[ T T T Figure 10. Narrow angle-resolved photoemission spectra
~| hy = 190 eV of the Fe3s peaks of Fe/Cu(001) are shown here. The
g : 4 coverages were 8 = 3/4 (lower) and © = 1 5/8 (upper).
" . The splitting was approximately 3.8eV, significantly
5t 1 ditferent than the bulk value of 4.4eV [18].
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SUMMARY '

Preliminary results of an investigation using photoelectron ditfraction to investigate Fe/Cu(001)
were presented. Tentatively, the Fe appears to be in a FCC site, with d13 = 3.6A, which is consistent witii
earlier forward focussing experiments {6,14). The plausibility of performing spin-dependent
photoelectron difiraction on ultrathin magnetic films (sub- and near-monolayer coverages) with the
rultiplet-split Fe3ds peak was also demonstrated.

Work performed under the auspices oi the U.S. Depariment of Energy by the Lawrence
Livermore National Laboratory under contract No. W-7405-ENG-48. S. Y. Tong acknowledges partial
support by the Navy under grant no. ONR-00014-90-J-1749. R. Daley of Sandia National Laboratory-
Livermore and S. Chaudhuri, who is pursuing a Ph.D. under the direction of R. S. Williams at UCLA, aided
in the collection of data at SSRL. H. Gillespie, R. de Souza-Machado and B. Howell perfformed some of
the Auger and LEED experiments.
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